objectives of our study were to examine 1) the proportion of responders and nonresponders to exercise training in terms of vascular function; 2) a priori factors related to exercise training-induced changes in conduit artery function, and 3) the contribution of traditional cardiovascular risk factors to exercise-induced changes in artery function. We pooled data from our laboratories involving 182 subjects who underwent supervised, large-muscle group, endurance-type exercise training interventions with pre-/posttraining measures of flowmediated dilation (FMD%) to assess artery function. All studies adopted an identical FMD protocol (5-min ischemia, distal cuff inflation), contemporary echo-Doppler methodology, and observerindependent automated analysis. Linear regression analysis was used to identify factors contributing to changes in FMD%. We found that cardiopulmonary fitness improved, and weight, body mass index (BMI), cholesterol, and mean arterial pressure (MAP) decreased after training, while FMD% increased in 76% of subjects (P Ͻ 0.001). Training-induced increase in FMD% was predicted by lower body weight (␤ ϭ Ϫ0.212), lower baseline FMD% (␤ ϭ Ϫ0.469), lower training frequency (␤ ϭ Ϫ0.256), and longer training duration (␤ ϭ 0.367) (combined: P Ͻ 0.001, r ϭ 0.63). With the exception of a modest correlation with total cholesterol (r ϭ Ϫ0.243, P Ͻ 0.01), changes in traditional cardiovascular risk factors were not significantly related to changes in FMD% (P Ͼ 0.05). In conclusion, we found that, while some subjects do not demonstrate increases following exercise training, improvement in FMD% is present in those with lower pretraining body weight and endothelial function. Moreover, exercise training-induced change in FMD% did not correlate with changes in traditional cardiovascular risk factors, indicating that some cardioprotective effects of exercise training are independent of improvement in risk factors. cardiovascular risk; nitric oxide; flow-mediated dilation; endothelial function; physical activity CARDIOVASCULAR DISEASE (CVD) remains the world's leading cause of mortality. Physical activity and/or exercise training represent potent strategies to reduce the risk of future cardiovascular events in asymptomatic subjects and those with preexisting disease (20, 21, 24) . While changes in traditional cardiovascular risk factors explain some of the cardioprotective effects of training (24), a substantial proportion of the benefit remains unexplained, and direct effects of exercise on the arterial wall may contribute to this "risk factor gap" (12, 17) .
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Despite the overall health benefits of exercise training, recent studies have described heterogeneous adaptations to training (28) . In subjects who undertook similar exercise training interventions, some demonstrated large improvements in parameters such as cardiopulmonary fitness, blood pressure, and cholesterol, while others exhibited smaller increases or even "adverse" responses (4, 5) . Such findings are consistent with anecdotal clinical observations that some individuals only respond modestly to exercise. No previous study has explored the heterogeneity of changes in artery function or health in responses to exercise training, or tried to identify predictors of training-mediated adaptations in arterial function. A widely accepted index of artery function and health is flow-mediated dilation (FMD%), the vasodilator response to an imposed shear stress stimulus following cuff-induced increases in blood flow. Recent studies indicate that brachial artery FMD% is a surrogate for assessment of coronary artery endothelial function (30) which predicts cardiovascular outcomes in humans (11, 15, 26) .
The first aim of this study was therefore to explore the proportion of "responders" and "nonresponders," in terms of change in artery function (FMD%), following exercise training in humans. Second, we examined whether a priori characteristics or physiological measures can predict "response" vs. "nonresponse." Finally, we examined whether changes in endothelial function as a result of exercise training correlate with changes in other (traditional) cardiovascular risk factors. For this purpose, we pooled data from 13 studies, involving 182 subjects who undertook exercise training in our laboratories. These studies all involved individualized, center-based exercise prescription, were supervised by exercise scientists, and utilized identical vascular function analysis methodology. We hypothesized that exercise training would induce a heterogeneous effect on FMD%, which might partly be explained by subject and exercise characteristics, and that training-induced changes in FMD% would not correlate with changes in traditional cardiovascular risk factors.
METHODS

Subjects
Exercise training studies performed in our laboratories in the past 20 years were eligible for inclusion. Criteria for inclusion were 1) study performed in our laboratory using comparable methodological approaches (31) , including operator-independent analysis with edge detection and wall tracking software; 2) availability of pretraining subject characteristics; 3) successful completion of exercise training, involving supervised, center-based, endurance-type exercise of the large muscle groups; 4) exercise training performed Ն2 times/wk for Ն8 wk and Յ18 wk; 5) brachial artery FMD% measured before and after exercise training; 6) brachial artery FMD% assessed according to best practice recommendations (31); 7) cardiopulmonary fitness measured using gas exchange analysis as the peak oxygen consumption during a sport-specific maximal exercise test; 8) exercise training performed in able-bodied adult subjects; 9) study procedures approved by the local ethics committee and adherent to the Declaration of Helsinki; and 10) pre-and posttraining subject characteristics available [age, body weight, cardiopulmonary fitness, body mass index (BMI)] including traditional cardiovascular risk factors [BMI, mean arterial pressure (MAP), cholesterol, blood pressure, glucose].
Data collected using nonoptimal analysis methods, as well as those with incomplete data sets for our primary outcome parameter (i.e., brachial artery FMD%) or any of the potential moderating variables, were excluded. None of our experiments involved smokers. A flow chart ( Fig. 1) provides insight into the inclusion and exclusion of our previous exercise training studies. This resulted in the collection of data from 13 exercise training studies, involving 182 subjects.
Study Design
In all studies, subject characteristics, cardiopulmonary fitness, and brachial artery FMD% were measured before and after exercise training. Posttraining measurements were performed within 3-4 days of the last exercise bout, but not within 24 h of the last exercise bout. A number of studies included in our pooled analysis performed repeated measurements collected every 2 wk across an 8-wk exercise training intervention to describe time-dependent changes in brachial artery FMD%. For these studies, we only included the pre-and posttraining values.
Experimental Procedures
Subject characteristics. Body mass and stature were recorded using standard methods. Blood pressure was measured after a Ն5-min resting period in the supine position (as this measure was typically performed before assessment of the brachial artery FMD) using a manual sphygmomanometer or an automated device (Dinamap, Tampa, FL) by a well-trained researcher. Independent of the method used, blood pressure was measured twice and averaged. MAP was calculated using the diastolic and systolic blood pressures. In all studies we examined levels of fasting blood glucose and total cholesterol. Although methods for these analyses differed between studies, all laboratory tests were undertaken in clinical centers in which robust validation and reproducibility testing is performed. Furthermore, for any given individual, lab tests were performed using identical approaches. These blood samples were all obtained from an antecubital vein.
Cardiopulmonary fitness. To obtain sport-specific cardiopulmonary fitness data, peak oxygen consumption (V O2 peak) was measured using a treadmill (n ϭ 77), cycle ergometer (n ϭ 86), or a rowing ergometer (n ϭ 19), according to the training undertaken by the subjects. Repeated measures were always collected using the same modality and protocols. In all cases, exercise was performed until volitional fatigue, according to standard indications for performing a successful exercise test (23) . Gas analyzers and flow probes were calibrated before each test. Oxygen consumption was expressed relative to body weight (ml·kg Ϫ1 ·min Ϫ1 ). Peak oxygen consumption was calculated from data in the 15-60 s before volitional exhaustion.
Brachial artery endothelial function. FLOW-MEDIATED DILATION. Flow-mediated dilation (FMD%) examines brachial artery endothelium-dependent dilation. All FMD-procedures were performed in line with recent guidelines (31) and all studies used the same, observerindependent edge detection and wall tracking analysis software to analyze arterial diameter (38) . In all studies, subjects were asked to fast for Ͼ4 h prior to each visit and to avoid caffeine, alcohol, and exercise for Ͼ12 h. We ensured that pre-and posttraining measures in premenopausal women were performed during the first phase of the menstrual cycle, given the impact of the menstrual cycle on menstrual cycle on vascular function (36) . All studies were conducted in a quiet, temperature-controlled environment. Each visit for a given subject was performed at the same time of day when measures were repeated posttraining (between 8 AM and 4 PM), to avoid the potential impact of diurnal variation on FMD% (16) . Furthermore, posttraining assessment of FMD% was performed Ͼ24 h after the last training session to prevent potential influence of the last training session.
To examine brachial artery FMD, the arm was extended and positioned at an angle of ϳ80°from the torso. A rapid inflation and deflation pneumatic cuff (D.E. Hokanson, Bellevue, WA) was positioned on the forearm, immediately distal to the olecranon process to provide a stimulus to forearm ischemia. Multifrequency (7.5-10 MHz) array probes, attached to high-resolution ultrasound machines, were used to image the brachial artery in the distal one-third of the upper arm. When an optimal image was obtained, the probe was held stable and the ultrasound parameters were set to optimize the longitudinal, B-mode image of the lumen-arterial wall interface. Continuous Doppler velocity assessments were also obtained using the ultrasound and were collected using the lowest possible insonation angle (always Ͻ60°). Following baseline assessments, a forearm cuff was inflated (Ͼ200 mmHg) for 5 min. Diameter and flow recordings resumed 30 s prior to cuff deflation and continued for 3 min thereafter, in accordance with recent technical specifications (3, 38) . An experienced sonographer performed the measurements, with the same sonographer performing both pre-and posttraining measurements within each subject.
GLYCERYL TRINITRATE. Using a sublingual dose of glyceryl trinitrate (GTN), we recorded the diameter response for Ͼ5 min to examine endothelium-independent dilation of the brachial artery. This test assesses whether training-induced changes in FMD% can be attributed to changes in endothelium-independent mechanisms.
BRACHIAL ARTERY DIAMETER AND BLOOD FLOW ANALYSIS. In all studies included in this pooled analysis, we performed analysis of brachial artery diameter using edge-detection and wall-tracking software, which is largely independent of investigator bias. Previous papers contain detailed descriptions of our analysis approach (3, 38) . This automated software provides more reproducible and valid results than manual methods, reduces observer error significantly, and possesses an intra-observer CV of 6.7% (38) .
Statistical Analysis
All analyses were performed using the Statistical Package for the Social Sciences (IBM SPSS Statistics for Windows, Version 20.0. Armonk, NY). Data are presented as means Ϯ SD. Normality distribution was examined using a Kolmogorov-Smirnov test. In case of non-Gaussian distribution, log-transformation was performed and the data were reexamined for normality distribution. The effect of exercise training was determined with a paired Student's t-test. Change in endothelial function was defined as the difference in FMD% between pre-and postexercise training measurements. FMD% is the most frequently adopted method to present changes in conduit artery function and health in humans. Based on the 25th, 50th, and 75th percentile cut-points, four quartiles were created to compare differences between nonresponders (Q1), low responders (Q2), moderate responders (Q3), and high responders (Q4). One-way analysis of variance was used to assess differences across quartiles for continuous variables, while a chi-squared test was used for categorical variables (e.g., sex, cardiovascular disease status, medication use). Bonferroni correction was applied to post hoc testing to identify differences across quartiles.
A backward linear regression analysis was performed to identify predictors of training-induced changes in FMD%. The pre-/posttraining change in FMD% was entered as the dependent (continuous) variable. Parameters that demonstrated a difference between the quartiles with a P value Ͻ 0.10 were included in our model as independent variables: sex, height, weight, MAP, V O2 peak, training mode, training duration, training frequency, training intensity, pretraining FMD%, and GTN%. To validate potential predictors of changes in FMD%, we performed a binary logistic regression analysis with responder level [including nonresponders (Q1) and high responders (Q4) only, n ϭ 90] as our dependent variable. Similar parameters were included in this secondary model.
Finally, the effects of exercise training on (traditional) cardiovascular risk factors were determined with a two-way repeated measurements analysis of variance to examine whether the effect of training (i.e., main effect "time") differed between the quartiles (i.e., main effect "Q"). Post hoc paired Student's t-tests were performed per quartile in case of an interaction effect (Q ϫ time). The relationship between changes in endothelial function and changes in cardiovascular risk factors was assessed using Pearson's correlation coefficient.
RESULTS
All subjects (n ϭ 182) successfully completed the exercise training program. On average, subjects demonstrated a significant decrease in weight (86.5 Ϯ 18.1 to 85.9 Ϯ 17.9 kg, P Ͻ 0.001), BMI (27.9 Ϯ 4.9 to 27.7 Ϯ 4.8 kg/m 2 , P Ͻ 0.001), MAP (91 Ϯ 12 to 88 Ϯ 12 mmHg, P Ͻ 0.001), and total cholesterol levels (4.9 Ϯ 1.2 to 4.7 Ϯ 1.0 mmol/l, P ϭ 0.014), while V O 2 peak (31.6 Ϯ 12.8 to 34.3 Ϯ 12.9 ml·kg Ϫ1 ·min
Ϫ1
, P Ͻ 0.001) and brachial artery FMD% (5.0 Ϯ 3.2 to 7.0 Ϯ 3.8%, P Ͻ 0.001) increased. We observed no significant change in blood glucose levels (6.0 Ϯ 2.5 to 5.8 Ϯ 2.0 mmol/l, P ϭ 0.107) or resting brachial artery diameter (3.9 Ϯ 0.8 to 3.9 Ϯ 0.8, P ϭ 0.241).
Responders vs. Nonresponders
Exercise training resulted in an average increase in brachial artery FMD% of 1.8 Ϯ 3.1% (P Ͻ 0.001). Interestingly, 76% of our study population exhibited improved FMD, whereas 24% of the subjects demonstrated a decrease in brachial artery FMD% (Fig. 2) . Quartile 1 consisted of subjects who demonstrated no change or a decrease in FMD% after training only (i.e., Q1; nonresponders), while the other three quartiles consisted of subjects with an increase in FMD% after training of 0.1-1.4% (Q2; low responders), 1.5-3.5% (Q3; moderate responders), and Ͼ3.6%, (Q4; high responders), respectively. Differences in subject characteristics of the quartiles are presented in Table 1 .
Predictors of Changes in FMD%
The backward regression analysis excluded sex, height, MAP, V O 2 peak , training mode, training intensity, and GTN% from the final model as these parameters did not significantly contribute to changes in FMD%. For the remaining parameters, we found that an increase in FMD% was predicted by lower pretraining FMD% (P Ͻ 0.001, ␤ ϭ Ϫ0.469), weight (P ϭ 0.003, ␤ ϭ Ϫ0.212), and training frequency (P ϭ 0.001, ␤ ϭ Ϫ0.256), and longer training duration (P Ͻ 0.001, ␤ ϭ 0.367) (r ϭ 0.63, P Ͻ 0.001). Backward binary logistic regression analysis confirmed these findings and identified similar predictors for identifying high responders (P Ͻ 0.001, Nagelkerke r 2 ϭ 0.68).
( Table 2) . Interestingly, the direction of change in baseline arterial diameter significantly differed between quartiles (Q ϫ time: P ϭ 0.015), with post hoc analysis revealing an increase in diameter after training in Q1, but no changes in Q2-Q4 ( Table 2) . As a consequence of using the change in FMD% to characterize the quartiles, the direction and magnitude of change in FMD% differed between groups (Table 2 ).
Pearson's correlation coefficients between changes in FMD% and changes in cardiovascular parameters are presented in Table 3 . We found a significant, inverse correlation between the change in FMD% and the changes in diameter and cholesterol (Table  3) , while changes in the other (traditional) cardiovascular risk factors did not relate to change in FMD%.
DISCUSSION
Our grouped analysis reveals substantial heterogeneity in the impact of exercise training on FMD%, with 76% of the subjects studied showing some improvement. Larger improvements in FMD% were linked to longer exercise training interventions and lower cardiopulmonary fitness and baseline FMD%. These factors explained ϳ39% of the variation in adaptation of artery function. Finally, the exercise traininginduced change in FMD% did not correlate with changes in traditional cardiovascular risk factors, except for a modest correlation with change in total cholesterol. These findings confirm our previous finding in a much smaller subgroup (13) and suggest that some component of the cardioprotective effect of exercise training occurs independently of change in traditional cardiovascular risk factors and may be related to improvements in artery function.
We found that ϳ24% of the subjects demonstrated no change in endothelial function with training. Although no previous study has reported the heterogeneity in arterial adaptation to exercise training, recent publications by Bouchard and colleagues have raised the general concept of a lack of responsiveness to exercise training (4 -6). The authors suggested that training may have an "adverse" impact on some risk factors (e.g., blood pressure, triglycerides, HDL), in certain individuals (4, 5) . Whether such adverse effects translate into poor clinical outcomes is unknown, especially since CVD risk assessment is typically undertaken by examining a cluster of biomarker and/or risk factors. Nonetheless, these observations demonstrate that the effects of training are not simply unidirectional, an important message when evaluating the impact of training programs at individual or group levels.
Despite the strong predictive capacity of FMD% (11, 26), we do not interpret our observation of decline in FMD% in 24% of the subjects as evidence that exercise training increased cardiovascular risk. This group of nonresponders also demonstrated increases in resting brachial artery diameter after training, an effect that was not apparent in the other FMD% quartiles. This raises the possibility that exercise training induced arterial adaptation in all subjects, but of distinct forms. It is now known that exercise training induces changes in both artery function and structure and that these occur according to a distinct time course (19) . We (2, 33, 34) and others (14) have demonstrated that initial improvements in function are superseded by compensatory changes in artery size. It is therefore possible that the FMD% nonresponders in the present study are in fact "early structural responders" (27) , and that change in Fig. 2 . Data of all individual subjects (n ϭ 182) on the change in brachial artery flow-mediated dilation (FMD%, A), cardiopulmonary fitness (V O2 peak, B), and cholesterol (in mmol/l, C) after supervised, endurance-type exercise training. Individual data are organized based on the magnitude of change, with the largest deterioration (i.e., data in red) presented on the left and the largest improvement (i.e., data in green) on the right end of the spectrum. Based on the 25th, 50th, and 75th percentile cut points, 4 quartiles were created to compare differences between nonresponders (Q1 red), low responders (Q2 orange), moderate responders (Q3 gold), and high responders (Q4 green). These color-based FMD% quartiles for change are maintained in the bottom panels, visually illustrating the lack of consistency between change in the respective variables.
FMD% occurred before posttraining measures were applied. This does not satisfactorily explain the absence of structural adaptation in the upper quartiles, an observation that is further complicated by the finding that the highest FMD responders trained for longer duration. These findings highlight the need for separate and specific future investigation around the nature of response profiles and timing in humans.
An associated issue is the possibility that the increase in baseline diameter in the lower quartile of FMD responders limited the FMD change in this group by virtue of an arithmetic effect, since both parameters are included in the FMD equation (1) . We think this unlikely, however, as the change in baseline diameter was modest and similar to that in the other quartiles. Moreover, GTN% responses, which 
Vascular characteristics
Diameter, mm 4.1 Ϯ 0.7 3.8 Ϯ 0.9 3.9 Ϯ 0.9 3.8 Ϯ 0.8 0.14 FMD, % 6.1 Ϯ 2.5 Values are means Ϯ SD. *n ϭ 148, †n ϭ 149, ‡n ϭ 141. BMI, body mass index; MAP, mean arterial pressure; CVD, cardiovascular disease; V O2peak, maximum oxygen uptake, CARE, combined aerobic and resistance exercise; HRmax, maximum heart rate; FMD, flow-mediated dilation; GTN, glyceryl trinitrate. P value refers to a one-way ANOVA between the 4 quartiles.
1,2,3,4 Statistically significant differences with Q1, Q2, Q3, and Q4 respectively. Values are means Ϯ SD. *n ϭ 148, †n ϭ 149, ‡n ϭ 140. §Post hoc significantly different from pretraining at P Ͻ 0.05 (only for diameter and FMD, given the significant "Time ϫ Q" interaction). P value refers to 2-way ANOVA on whether the impact of exercise training ("Time") differs between the 4 quartiles ("Q").
also include baseline diameter, showed no change after training by quartile or predictive capacity. This suggests that our observation regarding the absence of an increase in FMD after exercise training in Q1 is not simply due to changes in baseline diameter.
Our study also provides some insight into factors that contribute to change in artery function. In our pooled analysis, we found that training interventions of longer duration were associated with larger improvements in endothelial function. This finding reinforces the "dose-response" relation between physical activity level and protection against cardiovascular disease (20) . We also observed that low initial cardiopulmonary fitness and FMD% were associated with larger training-induced improvements in FMD%. This may reflect a "reserve for improvement," that is, those with lower a priori fitness and/or endothelial function may have more to gain from training. This is an encouraging observation, as it suggests that previously sedentary individuals as well as those with already established cardiovascular risk and/or disease have the greatest potential for training benefit. Finally, lower pretraining body weight was associated with larger response in terms of FMD%. It is interesting that this relationship was not apparent for pretraining BMI and that change in body weight and BMI were unrelated to those in FMD%. It is unlikely, in our view, that a causal relationship exists between change in FMD and change in body weight within subjects.
In agreement with previous meta-analyses (7, 8, 18, 35) , our pooled analysis revealed relatively modest improvements in traditional cardiovascular risk factors, such as body weight (ϳ0.6 kg), mean arterial pressure (ϳ3 mmHg), and total cholesterol (ϳ0.2 mmol/l). Furthermore, these changes in traditional risk factors did not relate to changes in endothelial function after training. Our observations reinforce the presence of a "risk factor gap" (12, 17) : the concept that the relatively modest changes in traditional risk factors induced by exercise training (32) cannot fully account for the large clinical benefit of a physically active lifestyle (21, 25) . Assessment of endothelial function has powerful predictive capacity for future cardiovascular disease, independent of other risk factors (26) . The improvement in endothelial function after training is largely independent of change in risk factors. Clinically, this highlights that the cardioprotective benefits of training should not simply be viewed as those associated with easily measured, traditional cardiovascular risk factors.
Limitations
A potential limitation is that we included a heterogeneous group of subjects who all participated in an exercise training intervention, rather than a randomized controlled design in which participants were randomized to exercise training or a control intervention. Another limitation is that we did not control for diet and other lifestyle-related factors. Furthermore, we cannot extrapolate our findings to subjects who participate in modalities or intensities of training which are known to trigger different physiological adaptations in the heart (29) and vessels (22, 37) . Finally, although FMD% is largely NOmediated (10) and endothelium-dependent (9), we did not report data using other forms of vascular assessment such as plethysmography. We did, however, include GTN% responses. None of the quartiles showed a change in GTN%, while the GTN% response was not identified by the statistical tests as a significant predictor. This suggests that the training-induced changes in FMD% are not related to changes in endotheliumindependent mechanisms, an important internal control measure.
Conclusions
We found that some subjects do not demonstrate improvement in endothelial function following exercise training. This implies the need to personalize exercise interventions to optimize outcomes and to critically appraise the current "one size fits all" approaches to exercise promotion. In identifying factors that contribute to a larger improvement in arterial function following exercise training (i.e., longer exercise training, lower cardiopulmonary fitness, lower baseline FMD%), our paper provides an initial step toward personalizing exercise interventions to improve vascular health. We also found that changes in endothelial function after training were largely independent of changes in traditional cardiovascular risk factors, reinforcing the diversity of physiological benefits that accrue in response to physical training. These data also support the notion of the "risk factor gap," the implication of which is that the cardiovascular health benefits of exercise exceed those apparent in terms of traditional risk factor modification. 
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